. Void This report documents laboratory measurements t o i n f e r t h e e f f e c t o f surface inhomogeneities on EM1 determined moisture content.
The electromagnetic induction (EMI) probe i s being developed by WHC (Crowe and Wittekind 1995) t o measure t h e amount o f water remaining i n waste stored i n t h e high-level waste tanks on t h e Hanford S i t e . A previous report considered t h e medium moisture content r e l a t i o n s h i p t o medium e l e c t r i c a l conductivity. Another report (Wittekind and Crowe, e t . a l . 1996) considered t h e EM1 signal r e l a t i o n s h i p t o medium e l e c t r i c a l conductivity. current i n t h e surrounding waste proportional t o t h e waste conductivity. The moisture content o f t h e waste i s estimated based on t h e measured waste conductivity. The EM1 c o i l measured signal amplitude i s proportional t o t h e waste e l e c t r i c a l conductivity .
The electromagnetic probe uses a magnetic f i e l d t o induce e l e c t r i c a l 2.0 SUMMARY
Purpose
This r e p o r t provides d e t a i l s about EM1 work i n progress. Descriptions are given o f : 0 EM1 operating hardware, and 0 Experimental EM1 measurements on t h e e f f e c t o f surface inhomogeneities, The EM1 probe response was measured w i t h medium conductivities o f 0 mS/cm, 5 mS/cm, 10 mS/cm, 20 mS/cm, and 40 mS/cm. The inhomogeneity t e s t pieces consisted o f t h e "W" p a r t o f standard length and width, t h e " X " piece w i t h a greater depth, and t h e " Y " piece w i t h a narrower width. This allowed one v a r i a t i o n i n inhomogeneity depth and one v a r i a t i o n i n inhomogeneity width. EM1 measurements were performed on conductivity t e s t standards w i t h t h e solution e l e c t r i c a l conductivity determined using t h e standard techniques o f an e l e c t r i c a l conductivity meter and purchased standard solutions.
Conclusion
Inhomogeneity data i s consistent w i t h reduction o f EM1 signal amplitude proportional t o t h e reduction o f t h e e f f e c t i v e volume c o n t r i b u t i n g t o t h e sample e l e c t r i c a l conductivity. nonconducting inhomogeneities and diminish t h e t o t a l e l e c t r i c a l l y conducting volume. There was n o t adequate data t o define t h e depth e f f e c t , b u t t h i s i s expected t o be consistent w i t h EM1 depth s e n s i t i v i t y .
proportional t o t h e e f f e c t i v e volume f r a c t i o n o f t h e medium available t o contribute t o e l e c t r i c a l conductivity. That i s i n t h e s o l i d medium volume w i t h t h e void inhomogeneities, t h e space occupied by voids does not contribute t o sample e l e c t r i c a l conductivity. The f i n a l e f f e c t i s t h a t t h e EM1 i n f e r r e d moisture content w i l l be lower than t h e actual moisture content due t o t h e presence o f void inhomogeneities,
It i s assumed t h a t inhomogeneities are
Another way t o s t a t e t h i s conclusion i s t h a t t h e EM1 signal amplitude i s WHC-SO-WM-ER-619 REV 0 3.0 EM1 MEASUREMENT SYSTEM DESCRIPTION 3 . 1 EM1 Operating Hardware An EM1 moisture monitor f o r assaying t h e e f f e c t i v e average f r e e water moisture content i n s o l i d s a l t cake material has been assembled and tested. The two main components are: (1) an eddy current t e s t e r (Model MIZ-40A manufactured by ZETEC o f Issaquah, Washington), and (2) a custom designed c o i l p a i r f o r t h i s application. There i s an e l e c t r i c a l i n t r i n s i c safety b a r r i e r between t h e MIZ-40A and t h e EM1 c o i l s f o r safe operation i n a hazardous atmosphere. Additional components necessary t o record EM1 data on archival medium include analog-to-digital converters, and p o s i t i o n encoders.
Components
components o f 1) MIZ-40A eddy current t e s t e r , 2) coaxial cables approximately 100 ft long (two RG 174/U o r equivalent), 3) dual channel i n t r i n s i c safety b a r r i e r (ISB) f o r ?9 v o l t s (167 0 ISB number 9002/22-240-160-00), a l t e r n a t i n g current, 4) coaxial cables f o r deployment i n t o a hazardous environment, 5) two EM1 c o i l s f o r e l e c t r i c a l conductivity sensing. 
EM1 Probe Configuration i s consistent w i t h t h e requirements f o r entering t h e HLW tank vapor space through a 4 inch carbon steel pipe used f o r a r i s e r .
The EM1 c o i l configuration uses two c o i l s separated by 5 i n . The 5 inch c o i l spacing allows a tungsten weight t o be placed approximately 4 inches away w i t h i n t h e EM1 probe housing. The tungsten weight w i l l b r i n g t h e t o t a l weight of t h e EM1 probe up t o 25 l b s . This weight was found t o be necessary f o r t h e probe t o p u l l t h e e l e c t r i c a l cable from t h e take up reel when being deployed, polyethylene. The polyethylene was made e l e c t r i c a l l y conducting by adding graphite i n t o t h e polyethylene by t h e p l a s t i c supplier.
It i s believed t h a t t h e semi -conducting p l a s t i c w i l l dissipate s t a t i c e l e c t r i c a l charges
The EM1 probe c i r c u i t , s t a r t i n g a t t h e MIZ-40A, has t h e successive The EM1 c o i l has t h e pancake geometry. The pancake geometry puts t h e The EM1 probe length i s 12 3/8 i n . and t h e EM1 probe diameter, 3.5 i n . , The EM1 probe housing i s an e l e c t r i c a l l y conducting high density The two EM1 c o i l s were designed for a resonant frequency o f 400 khz, and operate i n t h e test/reference mode, w i t h t h e frequencies o f operation expected t o be between 200 and 500 khz WHC-SD-WM-ER-619 REV 0 The EM1 probe s i z e and t o t a l weight i s not much d i f f e r e n t than neutron moisture monitoring probe. The EM1 probe i s e l e c t r i c a l l y simpler than t h e neutron moisture monitoring probe and does not require an explosion proof housing.
EM1 Probe C i r c u i t
connections t o t h e i n t r i n s i c safety b a r r i e r ( I % ) , ,the i n t r i n s i c safety b a r r i e r . and additional coaxial cable connections i n s i d e t h e HLW tank t h a t connect t o t h e EM1 c o i l s , and f i n a l l y t h e 400 khz c o i l s .
t h e coaxial cable t o t h e EM1 c o i l . This allows an e l e c t r i c a l connection w h i l e a spool w i t h t h e coaxial cable turns t o lower t h e c o i l t o t h e e l e c t r i c a l l y conductive surface. The IS6 i s R. Stahl I n c . ' s INTRINSPAK 9002/22-240-160-00. This i s a dual channel IS6 designed f o r a l t e r n a t i n g current ?9 V. There i s a 167 0 r e s i s t o r , which permits i n t r i n s i c a l l y safe operation i n a Class I, Group 6 (hydrogen atmosphere o r equal) w i t h an inductor as l a r g e as 6.5 mH.
The coaxial cable shields are grounded a t t h e 1%. Since t h e center conductor o f t h e coaxial cable was connected through t h e ISB, i t would be redundant t o connect t h e s h i e l d o f t h e coaxial cable through t h e ISB also.

There i s approximately 100 f e e t o f SMMS cable (equivalent t o RG 174 coaxial cable) between t h e EM1 c o i l and t h e 1%. There i s approximately another 85 f e e t o f SMMS cable between t h e ISB and t h e MI7-40A eddy current t e s t e r .
The MIZ-40A i s an eddy current t e s t e r designed f o r use around nuclear plants f o r balance o f p l a n t operation. The MIZ-40A can sample EM1 c o i l signal response a t four frequencies simultaneously. There are analog e l e c t r i c a l outputs available t h a t allow connection t o an analog t o d i g i t a l convertor and eventual long term storage media.
EM1 Probe Medi urn Conductivity Response
The EM1 probe operates on an inductive e f f e c t . There are two EM1 c o i l s , 5 inches apart, t h e absolute i s on t h e bottom w h i l e t h e reference c o i l i s on t h e t o p and remote from t h e medium being interrogated. There i s a change i n inductance i n one c o i l when i t i s close t o an e l e c t r i c a l l y conductive medium. The MI7-40A eddy current t e s t e r subtracts t h e EM1 response o f t h e reference c o i l from t h e EM1 response o f t h e absolute c o i l , t h e difference i s t h e EM1 signal. The greater t h e e l e c t r i c a l conductivity o f t h e medium being interrogated, t h e greater w i l l be t h e induced e l e c t r i c a l current i n t h e conducting and consequently t h e greater w i l l be t h e change i n magnetic f i e l d a t t h e absolute c o i l location. The EM1 probe c i r c u i t , beginning a t t h e MI7-40A includes coaxial cable There i s a mercury-wetted s l i p r i n g i n t h e c i r c u i t between t h e IS8 and EM1 Surface I r r e g u l a r i t y Attachment, shows t h e attachment o f t h e p l a s t i c form t o t h e EM1 probe housing. Figure 3 , EM1 Surface I r r e g u l a r i t y Test Pieces shows three d i f f e r e n t p l a s t i c forms used t o create surface i r r e g u l a r i t i e s , The t h r e e forms allow f o r one standard surface inhomogeneity, one v a r i a t i o n i n thickness, and one v a r i a t i o n i n depth. 
EM1 Probe Laboratory
EM1 amplitude trend i s consistent t h a t greater width o f inhomogeneity causes a lower EM1 signal. EM1 amplitude trend i s not d e f i n i t i v e t h a t depth o f inhomogeneity causes a lower EM1 s i g n a l , EM1 amplitude i s consistent w i t h t h e inhomogeneity causing a lower EM1 s i g n a l . EM1 amplitude i s most consistent w i t h t h e scan s t a r t i n g distance causing a v a r i a t i o n i n EM1 signal amplitude, This i s t h e same as saying t h a t j u s t where t h e EM1 probe i s "zeroed" f o r a reference p o i n t i s s i g n i f i c a n t and t h a t i t should be remote from t h e surface being interrogated,
INTERPRETATION OF RESULTS
Surface Inhomogeneity Measurement Prediction The s e n s i t i v i t y region o f t h e pancake shape o f t h e EM1 c o i l w i t h a 0.075 inch thickness and diameters o f 3.0 inches O.D. and 2 . 1 inches I . D . can be expected t o be focussed down, w i t h reduced s e n s i t i v i t y o f f t o t h e side.
Because o f t h e homogeneous shape o f t h e c o i l w i t h approximately 2 layers o f turns between t h e c o i l bottom and c o i l top, EM1 signal from samples w i t h inhomogeneities can be expected t o depend more on t o t a l sample volume and less on t h e s p e c i f i c arrangement of t h e surface inhomogeneity. This statement must be q u a l i f i e d because volumes closer t o t h e EM1 c o i l s are where electromagnetic f i e l d s are stronger and count more heavily than volumes t h a t are more remote from t h e EM1 c o i l s and are where electromagnetic f i e l d s are weaker.
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The q u a n t i t a t i v e reduction o f EM1 signal amplitude from non-conducting inhomogeneities could be estimated by t h e r a t i o o f sample volume without inhomogeneities t o t h e t o t a l volume o f the sample volume w i t h the void inhomogeneities.
i s expected t o be zero. probe capacitance, but t h e e l e c t r i c a l l y conducting EM1 c o i l housing short c i r c u i t s the probe capacitance, eliminating t h e cause o f phase s h i f t .
The q u a n t i t a t i v e e f f e c t on EM1 signal phase o f t h e surface inhomogeneity A phase s h i f t could be introduced by a change i n EM1 EM1 depth o f penetration w i t h 90% o f the signal coming from approximately t h e f i r s t 3 inches o f depth, was not expected t o show much v a r i a t i o n between t h e 1.97 inch depth t e s t pieces (W and Y p a r t s ) , and t h e 3.94 inch depth t e s t piece ( X p a r t ) .
Surface Inhomogeneity Theoretical Calculation
A t h e o r e t i c a l calculations o f t h e e f f e c t of e l e c t r i c a l l y conducting flaws on t h e signal amplitude was performed by Burrows (Burrows, 1964) . There were four cases considered: 1) p r o l a t e spheroid, f i e l d p a r a l l e l long a x i s , 2) p r o l a t e spheroid, f i e l d perpendicular long a x i s , 3) oblate spheroid, f i e l d p a r a l l e l short a x i s , and 4) oblate spheroid, f i e l d perpendicular short axis.
A p r o l a t e spheroid i s a shape between a sphere and a rod; one axis i s long and t h e two equal axes are s h o r t . An oblate spheroid i s a shape between a sphere and a c i r c u l a r disk; one axis i s short and t h e two equal axes are 1 ong . moment, (Burroughs, 1964, Equations 5.5, 5.10 and 7.14) i s :
The base case i s the non-conducting sphere, where P, , induced dipole where V i s the volume o f t h e sphere, and ji i s the average current density.
For the special case o f a non-conducting long rod i n a p a r a l l e l f i e l d , t h e induced d i p o l e approaches t h e l i m i t i n g value:
For t h e special case of a non-conducting long rod i n a transverse f i e l d , the induced d i p o l e approaches the l i m i t i n g value: 
When nonconducting obstacles are placed i n t h i s current flow, t h e current simply deviates around t h e obstacle and flows according t o t h e path o f l e a s t resistance. This s i t u a t i o n leads t o an e l e c t r i c a l current f l o w t h a t would be p a r a l l e l t h e void inhomogeneity surface instead o f perpendicular t o i t . E l e c t r i c a l current f l o w perpendicular t o t h e nonconducting obstacle would be a path o f greater resistance. The c o e f f i c i e n t f o r t h e p r o l a t e spheroid w i t h an
e l e c t r i c a l f i e l d p a r a l l e l t h e p r o l a t e spheroid surface has t h e l i m i t i n g value o f 01 = 2/3. The c o e f f i c i e n t f o r t h e oblate spheroid w i t h an e l e c t r i c a l f i e l d p a r a \ l e l t h e oblate spheroid surface has t h e l i m i t i n g value o f ci , = 213. This 2/3 f a c t o r times t h e diDole moment f o r an eauivalent volume sohere. which has
The calculations from Burrows (Burrows. 1964 ) had assumed,a constant a 3/2 f a c t o r , leads t o EM1 signal reduction,' P,, d i r e c t l y prbportional t o t h e product o f volume and current density.
where V i s t h e inhomogeneity volume w i t h current p a r a l l e l t h e surface, and ji i s t h e average current density.
There i s t h e assumption t h a t t h e void inhomogeneity was subject t o t h e same current f i e l d t h a t t h e bulk volume was subject t o . This means t h a t t h e current term can be canceled out. The f r a c t i o n a l diminishment o f EM1 signal amplitude f o r a nonconducting void inhomogeneity w i t h current f l o w p a r a l l e l t h e surface i s calculated from WHC-SD-WM-ER-619 REV 0 where a i s t h e diameter o f a cylinder o f sample below EM1 c o i l , L i s t h e e f f e c t i v e depth o f EM1 penetration, and t i s t h e thickness o f t h e nonconducting flaw.
For t h e t e s t s i t u a t i o n , a=3 inches, t h e c o i l diameter i s reasonable, 1=3
inches f o r t h e e f f e c t i v e depth o f penetration i s reasonable, and t= 0.125 inches o r t= 0.394 inches depending on void inhomogeneity t e s t piece thickness.
Surface Inhomogeneity Measurement I n t e r p r e t a t i o n
The i n t e r p r e t a t i o n o f t h e EM1 signal w i l l depend on t h e amplitude o f t h e EM1 signal. The amplitude can be compared t o predictions. The lower conductivity t e s t s were dominated by t h e distance from t h e surface t h a t t h e MIZ-40A was 'zeroed. ' The higher conductivity t e s t s are more strongly affected by t h e medium e l e c t r i c a l conductivity. The 40 mS/cm t e s t i s t h e most sensitive t o t h e surface inhomogeneity e f f e c t on EM1 signal amplitude because t h e e l e c t r i c a l conductivity i s t h e highest.
Figures i n t h e Appendix portray t h e measured amplitude and phase f o r t h e surface inhomogeneity t e s t s . There i s no inhomogeneity e f f e c t on EM1 signal phase, as expected. The inhomogeneity e f f e c t on EM1 signal amplitude i s compared t o inhomogeneity surface area calculations are shown i n Table 1.
The data i n Table 1 . has several items f o r discussion. F i r s t , t h e EM1 probe was "zeroed" a t d i f f e r e n t distances from t h e e l e c t r i c a l l y conductive medium. This introduced some differences i n measured signal amplitudes t h a t were not caused by surface inhomogeneities. The calculated reduction o f EM1 signal amplitude was simply calculated from t h e formula given a t t h e end o f t h e previous section f o r a non-conducting disk inhomogeneity w i t h a transverse EM1 f i e l d .
W p a r t and X p a r t (dimensions i n inches):
Amplitude Reduction
(Sampled volume) -( I n h o m o g e n e i t y Volume)
Sampled Vol ume The r a t i o rows calculated i n Table 1 are t h e r a t i o o f measured t o calculated EM1 amplitude reduction w i t h volume inhomogeneity. Average r a t i o s tabulated i n Table 1 w i t h values close t o 1.0 are consistent w i t h EM1 signal proportional t o t h e void inhomogeneity f r a c t i o n not c o n t r i b u t i n g t o sampled vol ume e l e c t r i c a l conductivity .
WHC-SD-WM-ER-619 REV 0 Y p a r t (dimensions i n inches):
A m p l i t u d e Reduction (Sampled Volume) -( I n h o m o g e n e i t y Volume) Sampled Vol m e
This volume c a l c u l a t i o n assumes t h a t t h e inhomogeneity depth i s a t l e a s t equal t o t h e EM1 depth o f interrogation. This was expected because t h e 90% depth o f i n t e r r o g a t i o n i s approximately 3 inches and t h e inhomogeneity t e s t pieces are 1.97 inches and 3.94 inches deep. expected t o be consistent w i t h EM1 depth s e n s i t i v i t y , t h a t about 90% o f t h e EM1 signal i s from t h e t o p 3 inches.
proportional t o t h e e f f e c t i v e density o f t h e medium, t h a t i s t h e medium density and inhomogeneities t h e space occupied by voids. The f i n a l e f f e c t due t o void inhomogeneities under t h e EM1 probe i s t h a t t h e EM1 i n f e r r e d moisture content assuming no void inhomogeneities w i l l be a lower l i m i t f o r t h e actual moisture content o f t h e same s o l i d w i t h void inhomogeneities a c t u a l l y present.
There was not adequate data t o define t h e depth e f f e c t , but t h i s i s Another way t o s t a t e t h i s conclusion i s t h a t t h e EM1 signal i s Table 2 shows t h e EM1 i n f e r r e d moisture content f o r d i f f e r e n t void fractions t h a t reduces t h e e f f e c t i v e medium density by (1. -void f r a c t i o n ) .
The actual moisture content necessary t o give a c e r t a i n measured e l e c t r i c a l conductivity i s tabulated i n t h e column under t h e void f r a c t i o n assumed. Table 3 shows t h e difference between moisture content w i t h known void fractions and t h e EM1 i n f e r r e d moisture content assuming zero void f r a c t i o n . Table 3 also shows t h e r a t i o of moisture content w i t h known void fractions t o t h e EM1 i n f e r r e d moisture content assuming zero void f r a c t i o n . The second p a r t o f Table 3 was used t o estimate t h e EM1 underestimate o f t h e f r e e water content assuming zero void inhomogeneities. 
